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ABSTRACT 

The effects of nozzle geometry and wing size 
on the aerodynamic performance of several 5:1 aspect 
ratio slot nozzles are presented for OTW configura- 
tions. Nozzle geometry variables Include roof 
angle, sidewall cutback, and nozzle chordwise loca- 
tion. Wing variables include chord size, and flap 
deflection. Several external deflectors also were 
included for comparison. The data indicate that 
good flow turning may not necessarily provide the 
best aerodynamic performance. The results of the 
study suggest that a variable exhaust nozzle geom- 
etry offers the best solution for a viable OTW con- 
figuration. 

INTRODUCTION 

In order to attach the flow from the exhaust of 
an engine-over-the-wing configuration to the wing 
and flap surfaces, two general nozzle design classes 
are usually considered. The first nozzle design 
class consists of a nozzle which is mounted flush to 
the wing surface (fig. 1(a)). In order to provide 
flow attachment to the wing, the nozzle is usually 
D-shaped or a slot nozzle. Furthermore, in order to 
enhance flow attachment, the roof of the nozzle is 
canted or sloped toward the wing surface and is con- 
sidered to act as an internal deflector. In order 
to provide a greater spreading of the exhauBt flow 
spanwise over the wing and flap surfaces, the side- 
walle of the nozzle can be flared or cutback. By 
increasing the spread of the flow over more of the 
wing and flap surfaces, the flow velocity at the 
trailing edge is reduced and a lower noise level is 
obtained(l). However, the increased spread of the 
exhaust flow over the surfacee also affects the 
aerodynamic performance of the nozzle/wing system. 
The second nozzle design class consists of nozzles 
to which external deflectors are attached to vector 
the exhaust flow toward the surface (fig. 1(b)). 

This type of nozzle/deflector configuration also 
tends to spread the flow apanwiaa ovar th* wing and 
flap surfaces, thareby reducing the traillng-edge 
peak velocity and associated noise levels dJ. 


Projected surface shielding lengths (parallel to the 
chordline) were varied from about 18 to 58 centi- 
metera, and flap deflection angles of 20 ° and 60 ° 
were used. The nozzle exhaust plane wa6 located at 
the nominal 21% chord station of the wing and at the 
beginning of the flap location (approximately 46% 
of the wing chord). As discussed in reference 1, 
the relative sizes of the nozzle to the various 
shielding surface lengths simulate the effect of 
engine configurations on a twin engine aircraft 
(baseline wing), a single engine pod of a four- 
engine aircraft (3/2-basellne wing), and a Siamese 
pod in which two engines exhaust from a single 
nozzle (2/3-baseline wing). 

Aerodynamic data are presented for both nozzles 
only and the various nozzle/wing configurations. 

The data were obtained with nozzle velocities of 195 
and 253 m/sec. 

APPARATUS AND PROCEDURE 

facility 

Aerodynamic data consisting of lift and thrust 
components were obtained using the test stand (2) 
shown in figure 2. In this test stand pressurized 
air at about 289 K was supplied to 15.25-centimeter 
diameter plenum by twin diametrically opposed supply 
lines. Flexible couplings in each of the twin 
supply lines isolate the supply system from a force 
measuring system. The. plenum is free to move axi- 
ally and laterally through an overhead cable sus- 
pension system. The test nozzles, with and without 
wings, were attached to a flange at the downstream 
end of the plenum. A load cell at the upstream end 
of the plenum is used to measure thrust. A second 
load cell is mounted near the nozzle to measure 
horizontal aide loads. The wing-flap section was 
mounted in a vertical plane so that lift forces were 
measured by the side-mounted load cell (2). Thruat 
and lift forces were obtained at nominal nozzle 
pressure ratios of 1.28 and 1.53 which yielded nomi- 
nal Jet velocities of 195 and 253 m/sec, respec- 
tively. 


It is the purpose of this paper to examine the 
effects of nozzle geometry end wing size on the 
aerodynamic performance, Including lift and thrust 
measurements of several 5:1 aspect ratio si >t 
nozzles in over-the-ving configurstions . considered 
are the effect on the nozzle/wing aerodynamic char- 
acteristics of changes in nozzle roof (klckdown) 
angle, chord length, flap deflection, and location 
of the nozzle exhaust plane relative to the flap 
trailing edge. A 5:1 slot nozzls with an equivalent; 
diameter of 5.1 centimeter wee used in the work. 
Nozgl# roof englee were varied from 10° to 40° rale-* 
tive to the wing ehordlioe. The oozzla side* In the 
exhaust plane ware either normal to the shielding : 
surface or cutback to be normal to tho noiple roof. 
In addition, aavaral external deflectors'*' were 
also included for comparison purposes In the study. 
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Airflow through the overhead supply line was 
measured with a calibrated orifice. The nozzle 
inlet total preaeure was measured with a single 
probe near the plenum exit flange. Pressure data 
were recorded from suitable multitube manometers. 

Local Jet Mach number (velocity) measurements 
were obtained on the BBme facility at several loca- 
tions downstream of the nozzle exhaust plane for 
the verioue nozzle-only configurations. Similar 
date were obtained at the trailing edge of the 
shielding surfaces. Measurements were made with a 
traversing pilot tube (fig. 3) with an entrance 
cope angle of 60° to help minimize flow angularity 
effects resulting from the jet flow over the curved 
surfaces. A vent on the travel sing equipment was 
weed to establish the Jet flow angle for each tra- 
verse. Whan the flow angle, as determined by means 
of the vena, exceeded the angularity capability of 
|the pitot tube, the tube angle to the local flow 
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ABSTRACT 

The effects of nozzle geometry and wing size 
on the aeroo/namic performance of several 5:1 aspect 
ratio slot nozzles are presented for OTW configura- 
tions. Nozzle geometry variables Include roof 
angle, sidewall cutback, and nozzle chordwlse loca- 
tion. Wing variables Include chord size, and flap 
deflection. Several external deflectors also were 
included for comparison. The data indicate that 
good flow turning may not necessarily provide the 
best aerodynamic performance. The results of the 
study suggest that a variable exhaust nozzle geom- 
etry offers the best solution for a viable OTW con- 
figuration. 

INTRODUCTION 

In order to attach the flow from the exhaust of 
an engine-over-the-wing configuration to the wing 
and flap surfaces, two general nozzle design classes 
are usually considered. The first nozzle design 
class consists of a nozzle which is mounted flush to 
the wing surface (fig. 1(a)). In order to provide 
flow attachment to the wing, the nozzle is usually 
D-shaped or a slot nozzle. Furthermore, in order to 
enhance flow attachment, the roof of the nozzle is 
canted or sloped toward the wing surface and is con- 
sidered to act as an Internal deflector. In order 
to provide a greater spreading of the exhaust flow 
Bpanwlse over the wing and flap surfaces, the side- 
walls of the nozzle can be flared or cutback. By 
increasing the spread of the flow over more of the 
wing and flap surfaces, the flow velocity at the 
trailing edge is reduced and a lower noise level is 
obtained d). However, the Increased spread of the 
exhaust flow over the surfaces also affects the 
aerodynamic performance of the nozzle/wlng system. 
The second nozzle design class consists of nozzles 
to which external deflectors are attached to vector 
the exhaust flow toward the surface (fig. 1(b)). 

This type of nozzle/deflector configuration also 
tends to spread the flow spanwlse over the wing and 
flap surfaces, thereby reducing the tralllng-edge 
peak velocity and associated noise levels d7. 


Projected surface shielding lengths (parallel to the 
chordline) were varied from about 18 to 58 centi- 
meters, and flap deflection angles of 20° and 60° 
were used. The nozzle exhaust plane was located at 
the nominal 21Z chord station of the wing and at the 
beginning of the flap location (approximately 46X 
of the wing chord). As discussed in reference 1, 
the relative sizes of the nozzle to the various 
shielding surface lengths simulate the effect of 
engine configurations on a twin engine aircraft 
(baseline wing), a single engine pod of a four- 
engine aircraft (3/2-baseline wing), and a Siamese 
pod in which two engines exhaust from a single 
nozzle (2/3-baseline wing) . 

Aerodynamic data are presented for both nozzles 
only and the various nozzle/wing configurations. 

The data were obtained with nozzle velocities of 195 
and 253 m/sec. 

APPARATUS AND PROCEDURE 

/aclllty 

Aerodynamic data consisting of lift and thrust 
components were obtained using the test stand d) 
shown in figure 2. In this test stand pressurized 
air at about 289 K was supplied to 15.25-centimeter 
diameter plenum by twin diametrically opposed supply 
lines. Flexible couplings in each of the twin 
supply lines Isolate the supply system from a force 
measuring system. The- plenum is free to move axi- 
ally and laterally through an overhead cable sus- 
pension system. The test nozzles, with and without 
wings, were attached to a flange at the downstream 
end of the plenum. A load cell at the upstream end 
of the plenum is used to measure thrust. A second 
load cell is mounted near the nozzle to measure 
horizontal side loads. The wing-flap section was 
mounted in a vertical plane so that lift forces were 
measured by the side-mounted load celld). Thrust 
and lift forces were obtained at nominal nozzle 
pressure ratios of 1.28 and 1.53 which yielded nomi- 
nal Jet velocities of 195 and 253 m/sec, respec- 
tively. 


It is the purpose of this paper to examine the 
effects of nozzle geometry and wlrg size on the 
aerodynamic performance, including lift and thrust 
measurements of several 5:1 aspect ratio si >t 
nozzles in over-the-wlng configurations, .onaidered 
are the effect on the nozzle/wing aerodynamic char- 
acteristics of changes in nozzle roof (klckdown) 
angle, chord length, flap deflection, and location 
of the nozzle exhaust plane relative to the flap 
trailing edge. A 5:1 slot noszls with an equivalent 
diameter of 5.1 centimeter was used in the work. 
Nozglf roof angles were varied from 10° to 40° rela- 
tive to the wing chordline. The nozzle sides in the 
exhaust plana wars either normal to the shielding 
surface or cutback to be normal to the nozzle roof. 
In addition, several external deflectors^' wars 
also included for comparison purposes in the study. 
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Airflow through the overhead supply line wa6 
measured with a calibrated orifice. The nozzle 
inlet total pressure was measured with a single 
probe near the plenum exit flange. Pressure data 
were recorded from suitable multitube manometers. 

Local Jet Mach number (velocity) measurements 
were obtained on the same facility at several loca- 
tions downstream of the nozzle exhaust plane for 
the various nozzle-only configurations. Similar 
data were obtained at the trailing edge of the 
shielding surfaces. Measurements were made with a 
traversing pilot tube (fig. 3) with an entrance 
cope angle of 60° to help minimize flow angularity 
effects resulting from the Jet flow over the curved 
surfaces. A vans on the trav*: sing equipment was 
used to establish the Jet flew angle for each tra- 
verse. When tne flow angle, as determined by means 
of the vane, exceeded the angularity capability of 
the pitot tube, the tube angle to the local flow 
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was adjusted to provide suitable data. The pres- 
sures measured were transmitted to an x-y-y* plot- 
ter which yielded direct traces on graph paper of 
the total pressure distribution across the Jet. 

From these traces, velocity contour maps and trail- 
ing edge velocity profiles at the nozzle centerline 
were made. The velocity data were obtained with a 
nominal jet exhaust velocity of 253 m/sec. 

Models 

Wings . - The wings (shielding surfaces) are 
shown schematically in figure A together with per- 
tinent dimensions. The surfaces consisted of metal 
plates secured to wooden ribs (fig. 3). The sur- 
faces approximated the upper surface contours of 
the alrfoild with 20° and 60° deflected flaps used 
in references 3 and A. 

All wings had a span of 61 centimeters. As 
indicated in figure A, the nozzles were located at 
two axial locations on the surfaces corresponding 
to nominal airfoil chordwise stations of 21- and 
A6-percent with flaps retracted. 

The wings wili be referred to by the flap de- 
flection angle, 20° or 60°, and their relative size 
given by 2/3-baseline, baseline and 3/2-baseline. 

The equivalent f laps-retracted chord sizes for these 
wings are 22, 33, and A9.5 centimeters, respec- 
tively. 

Nozzles . - The test nozzles consisted of the 
5:1 slot nozzles shown in figure 5 (see also ref. 1). 
The nozzles all had equivalent diameters of 5.1 cen- 
timeters. A single straight -sided nozzle was used 
for the tests without nozzle sidewall cutback 
(fig. 5(a)). The roof angle, 0, for this nozzle 
was changed by providing inserts that altered the 
angle from 10° to A0° in 10° increments. Separate 
nozzles were provided for the cases with sidewall 
cutback (fig. 5(b) to 5(e)). The sidewall cutback 
anglz, y , was the same as the roof angle for each 
respective nozzle. The sidewalls of all these 
nozzles were parallel. 

In addition to the preceding nozzles, two 
larger nozzles similar to that shown in figure 5(e) 
were also tested. These nozzles had exhaust areas 
16.3 and 30 percent larger than that in figure 5(e). 

A simple 5:1 slot nozzle^) was used with 
various external deflectors to turn the flow 
(fig. A(f)). Each of the sides of the nozzle con- 
verged at 5° and the nominal nozzle dimensions at 
the exhaust plane was 2.0 centimeters by 10.2 centi- 
meters. The A0° full-lip deflector was similar to 
that used in refei-nce 2. 

The nozzles are referred to by their roof and 
cutback angles; for example, the nozzle with a 20° 
roof angle and 20° sidewall cutback angle is desig- 
nated by "20/20" while the nozzle with a roof angle 
of 20° and no sidewall cutback is designated by 
"20/0". 

RESULTS 

The overall results of this study showed that 
all the measured aerodynamic characteristics were a 
function of weight flow reductions caused by the 
nozzle-only geometry as well as the flow interaction 
of nozzle flows with the wings. Consequently, 


because of this phenomenum, the present results 
will be discussed in the following order of inter- 
est and/or importance: weight flow considerations, 

lift and thrust measurements, trailing edge center- 
line velocity profiles, and flow velocity decay. 

The profile and decay data were needed for analyses 
of the acoustic characteristics for these nozzle/ 
wing configurations reported in reference 5. 

Weight Flow Considerations 

The present study showed that all configura- 
tions except the baseline 5:1 slot nozzle suffered 
weight flow reductions when compared to calculated 
ideal weight flows. In the following sections, 
these measured weight flows are discussed and sim- 
ple empirical equations are given from which the 
measured weight flow can be corrected to ideal flow 
values for the various nozzle only and nozzle/wing 
configurations tested. 

Nozzle only . - Representative weight flow data 
for nozzles only, with and without sidewall cutback 
are shown in figure 6. The weight flow ratio W/W^ 
is shown plotted as a function of roof angle, 0. 

The data shown were obtained with a nominal jet 
Mach number of 0.8. A comparison of the data ob- 
tained with the two types of nozzles shows that 
greater weight flow reductions with increasing roof 
angle occurred with nozzles having sidewall cutback 
than those without cutback. Also shown in figure 6 
are calculated weight flow curves based on an em- 
pirical equation (developed from the present data) 
given by: 

jj- ■ 1 - 0.33 (1 - cos BVcos y) (1) 

W i 

The decreases in'weight flow with increasing 
nozzle roof angle and with sidewall cutback are 
attributed to reductions in the vena contracts 
downstream of the nozzle exhaust plane caused by 
these geometry variations. The change in the vena 
contracts is reflected by a reduction in the meas- 
ured weight flow. In addition, flow pressure 
losses within the nozzle caused by the curvature of 
the nozzle (roof angle) also contribute to the 
weight flow reductions for a given pressure ratio 
across the nozzle. 

Nozzle/wing configuration . - The effect on 
weight flow caused by the various nozzle/wing con- 
figurations (excluding those using external flow 
deflectors) is shown in figure 7. The measured 
data are shown in terms of W/W^ as a function of 
surface length ratio, L/h, for a nominal jet Mach 
number of 0.8. It is apparent, from figure 7, that 
W/Wj for the nozzle wing configurations also de- 
creases with increasing roof and sidewall angles. 
However, there are no apparent effects on weight 
flow caused by a change In wing size of flap de- 
flection angle. With an increase in nozzle size, 
as in the case of the larger versions of the nozzle 
shown in figure 5(e), the weight flow obviously 
Increased. With a 30-percent increase in nozzle 
size and the 3/2-baseline wing, the measured flow 
was equal to the ideal flow calculated for the 
smaller nozzle. The weight flow losses thus appear 
to be a local nozzle-surface Interaction phenomena. 
The flow losses are believed to be again caused by 
changes in the vena contracta by the interaction of 
the Jet exhaust flow with the local wing surface. 


2 


This nozzle-wing flow interaction results in larger 
weight flow reductions than those for the nozzles 
only, especially those with large roof angles and 
sidewall cutback. 

Empirical relationships for predicting the 
W/Wj values were derived in terms of the nozzle 
roof and sidewall cutback angles. For the nozzles 
without sidewall cutback the following relationship 
was obtained: 

W/V^ - 1 - 0.33 (1 - cos 3/2 8) (2) 

For the nozzles with sidewall cutback the corre- 
lating equation can be expressed by 

W/W^ “Vcos y (l - 0.33 (1 - cos BVcos y)) (3) 

The initial V cos y-term in equation (3) accounts 
for a reduction in effective nozzle flow area 
(height referenced to the wing surface) for the 
present nozzles. 

Calculated W/Wj values using the preceding 
equations are also shown in figure 7 for comparison 
with the measured data. 

It should be noted that equations (2) and (3) 
are not applicable for very small L/h ratios. 

For very small L/h ratios (<<15) the weight flow 
should approach that of the nozzle only because the 
vena contracts should not be greatly Influenced by 
the presence of a very short deflecting surface. 

The present study precludes the prediction of weight 
flow losses for very short L/h values. These 
latter are of no Interest to actual OTW applica- 
tions. 

It should be noted that the foregoing empirical 
weight flow relationships apply only to the nozzle/ 
wing configurations tested. Also, in the present 
study, for all the nozzles with sidewall cutback, 
the roof and sidewall cutback angles were the same; 
l.e. a 30° roof angle corresponded to a 30° sidewall 
cutback angle. The effect of dissimilar angles was 
not evaluated in the present program. 

External deflectors . - The weight flow ratio, 
W/Wi, for the nozzle only with external deflectors 
(no wing) ranged from 0.989 for the full-size-lip 
deflectors to 0.998 for the half-size-lip deflector 
(6 " 40°). Thus, the external deflectors used had 
no significant effect on the nozzle-only weight 
flow. 

In the presence of a wing, the use of external 
deflectors showed somewhat higher W/Wj values 
(nearly 3 percentage points) than those obtained 
with nozzles and without sidewall cutback and having 
the same roof angle and lip angles. A comparison 
of the weight flows for these two nozzle types with 
comparable wlngo is shown in figure 8 over a range 
of L/h values. The curves representing the roof- 
angle nozzles were calculated using eauatlon (2) 
with y equal to 0° since the baseline 5:1 slot 
nozzle has an effective sidewall cutback angle of 
0°. With the half-size-lip deflector, the weight 
flow ratios were substantially similar to those for 
the full-lip deflector with a 30° lip angle. The 
limited data for the external deflector configura- 
tions preclude the developing of an empirical W/W^ 
correlation equation. 


The preceding data Indicate that location of 
the external deflector lips still affects the weight 
flow and that the deflector lip should perhaps be 
located further downstream of the nozzle exhaust 
plane. Also, removal of the horizontal portion of 
the deflector perhaps could provide the necessary 
flow field relief to yield W/Wj values near i.O 
for the nozzle/wing configurations. 

Lift and Thrust Characteristics 

In order to provide meaningful comparisons of 
the aerodynamic data, all configurations are com- 
pared on the basis of equal weight flow. This, of 
course, does not imply equal lift and thrust. 

In order to achieve equal weight flow, the 
nozzle area must be increased which would constitute 
a larger external wetted surface area resulting in 
a cruise-drag penalty. The latter consideration is 
beyond the scope of this study. The measured values 
of the static lift and thrust are normalized by com- 
pensating for the weight flow reductions caused by 
the nozzle configurations and the presence of the 
wing (see appendix A). The adjusted measured static 
lift and thrust are then ratloed to the ideal 
nozzle-alone thrust. These procedures led to the 
following expressions for the normalized lift and 
thrust: Lj(Wi/W)/Ti and T(W 1 /W)/Ti, respectively. 

The normalized data in this form are shown in fig- 
ure 9. The flow turning angle shown is that made by 
the flow with respect to the nozzle axis. The mag- 
nitude of the vector sum of the lift and thrust, 
given by the magnitude of the radius, represents a 
flow turning efficiency. 

With the 2/3-baseline wing (fig. 9) and a 20° 
flap deflection, the nozzle with roof angles of 20° 
and 30° had better aerodynamic performance (maximum 
considerations of lift, thrust, and turning angle) 
than those with roof angles of 10° and 40°. The 
former (6 ■ 10°) showed low lift values while the 
latter (8 ■ 40°) generally showed a somewhat lower 
lift than the 20° and 30° roof angles and a signifi- 
cant reduction in thrust. Locating the nozzle at 
0.21 chord caused a reduction in turning efficiency 
compared to that at 0.46 chord and hence lower val- 
ues of lift. In general, turning efficiencies of up 
to 0.93 were achieved with flow turning angles up to 
28°. The maximum turning efficiency achieved with a 
60° flap angle was about 0.91 with a flap turning 
angle of 48° to 62°. 

Similar overall data trenda to the preceding 
were elso evident with the baseline and 3/2-basellne 
wings. With the 3/2-basellne wing, the maximum 
turning efficiency obtained with a 20° flap detec- 
tion was 0.90. The maximum lift was achieved with 
the higher nozzle roof angle* of 30° and 40°, cc a 
small reduction in turning efficiency (2-4 percent). 

For the nozzles with-external-def lectors 
(fig. 9(b)), lift values were generally of the same 
order as those obtained with the other nozzle/wing 
configurations; however, the thrust component values 
wars somewhat less. The largest turning angles, 

31° and 64°, were obtained with the external de- 
flectors. 


The vectored thrust, Ty, (where Ty ->L$ + T 2 ) 
la shown in figure 10 as a function of wing size 
for all the configurations tested. In general, the 
vectored thrust decreases with increasing wing size 
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(surface length). It is also apparent that the 
vectored thrust is a weak function of the nozzle 
roof angle with increasing roof angle the vectored 
thrust is reduced. This reduction is more pro- 
nounced for nozzles with sidewall cutback than 
those without sidewall cutback. Except for the 
nozzles with external deflectors, the decrease in 
T v with surface length is essentially Independent 
of flap angle. The limited data with the external 
deflector nozzle configurations show a more rapid 
decrease in T v with surface length than the other 
nozzle/wing configurations. 

From the data shown in figures 9 and 10, a 
nozzle configuration for a given wing size can be 
selected to yield the necessary lift and thrust 
components for a given application. It is from 
these data it appears that an optimized nozzle/wing 
configuration may require variable nozzle geometry 
in order to achieve optimum aerodynamic perfor- 
mance. 

Tralling-Edge Velocity Profiles 

From the Mach number contour plots (-) taken at 
the flap trailing edge (see appendix B), the veloc- 
ity profiles (in terms of local Mach number) was 
obtained at the nozzle centerline and in a direc- 
tion perpendicular to the wing surface. The result- 
ing velocity profiles were normalized by the use of 
5/6 e and M/Mp parameters as shown in figure 11. 

In figure 11(a) it is apparent that the shape of 
centerline velocity profile at a 20° flap angle is 
substantially independent of the nozzle roof and 
sidewall cutback angles. In figure 11(b), for a 
60° flap angle, it is seen that the free shear layer 
velocity profile (6/6 e > .4) is independent of the 
nozzle geometry, but the boundary layer is influ- 
enced by nozzle geometry. The effect of wing size 
on the centerline velocity profile is shown in 
figure 11(c) and indicates substantially no effects. 
Similar results were obtained with a 60° flap angle. 
The data for the nozzles with external deflectors 
(figs. 11(d) and (e)) show velocity profiles similar 
to those not using such deflectors but having large 
roof and sidewall cutback angles. (The figures in- 
clude the data for the 40/40 nozzle configuration 
for comparison.) For a 60° flap angle, (fig. 11(e)) 
the data with the external deflectors shows higher 
boundary layer velocities than those for the 40/40 
nozzle, Indicating better flow attachment. 

An overall comparison of the profiles for flap 
deflections of 20° and 60° is shown in figure 11(f). 
It is shown that, while the profile shapes are some- 
what similar, the slope of the velocity profile 
curve at the free shear layer is steeper for the 
20° flap angle than that for the 60° flap angle. 

The greatest differences are seen to occur in the 
boundary layer. In this region the data for the 
configuration with nozzles having large roof and 
sidewall cutback angles (i.e. 40/40) have higher 
local boundary layer velocities than those having 
small roof angles and no sidewall cutback. The 
latter data tend to be associated with partial flow 
separation off the flap surface. 

Correlation of fig . - The shear layer charac- 
teristic height, 6 e , is correlated herein by cor- 
recting the measured values for the weight flow 
reductions associated with the nozzle/wing config- 
urations. This results in a normalized value of 
6 e defined by 4* as follows: 



The variation of 6 * with surface distance, L, is 
shown in figure 12 for representative nozzle/wing 
configurations. Note that both 6* and I. in 
figure 12 are nondimenslonallzed by the use of a 
normalized or effective nozzle height h* that in- 
cludes consideration of weight flow changes due to 
the configuration geometry. The h*-term is given 
by: 


h* “ h cos 



(5; 


As shown in figure 12, 6* decreases with an in- 
crease in roof and sidewall cutback angles while 
Increasing with an increase in flap detection angle. 
The correlation of 6* with configuration geometry 
is shown in figure 13. The parameter Z includes 
the effects of roof angle, 6, sidewall cutback 
angle, y, and flap angle, a. The Z-parameter is 
given by: 

z . (1 + sin 4 P) (1 + sin 3 y) (6) 

(1 + sin a)^ 


Good correlation is achieved for most of the 
data shown. Deviations at both ends of the data 
range are attributed, in part, to partial flow sep- 
aration from the surfaces near the trailing edge. 


Jet Velocity Decay 

Nozzle only . - Representative data of the peak- 
axial jet velocity decay, taken in the nozzle cen- 
terline plane from velocity contour maps similar to 
those given in reference 1, are shown in figure 14. 
The data are shown in terms of the ratio Mp/Mj as 
a function of a velocity decay correlation parameter 
obtained from reference 6. The shape of the common 
curves drawn through the data points is that given 
in reference 6 for a 5:1 aspect ratio slot nozzle. 
The baseline 5:1 slot nozzle (circle symbols) has a 
coefficient of 1.0. It is apparent that even a 
small nozzle roof angle (10°) causes a significant 
decrease in the peak velocity at a given axial sta- 
tion compared with the baseline nozzle. With a 
small roof angle (10°) the effect of nozzle 6ldewall 
cutback is not apparent; however with a nozzle roof 
angle of 40°, sidewall cutback is seen to cause a 
more rapid decrease in peak velocity with axial dis- 
tance than that for a nozzle without sidewall cut- 
back. With increasing roof angle the peak velocity 
decreases at all axial stations. 

N ozzle with wing . - The peak Jet velocity decay 
at the trailing edge of representative wing/flap 
surfaces is shown in figure 15. The data were ob- 
tained in the nozzle centerline plane. The data 
are shown in t erms of the ratio Mp/Mj as a func- 
tion of L/D e ^l + Mj where the surface length, L, 
has replaced the axial distance, X, used previously 
in figure 14. The curves are similar in shape and 
are faired through the data, not curves taken from 
reference 6 as was the case for the nozzle only 
data in figure 14. 

For a 20° flap angle, the peak velocity ratio 
Mp/Mj at a given surface station, L, is seen to 
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decrease with increasing roof angles (fig. 15(a)). 

As was the case for the nozzlea-only , the Jet veloc- 
ity at a given value of L decreases more for a 
nozzle having a significant sidewall cutback (40°) 
compared with a similar nozzle without sidewall 
cutback. Shown also in figure 15 are the peak Jet 
velocity decay data for the 5:1 baseline slot noz- 
zle with a 40° full-lip external deflector. This 
configuration has a peak Jet velocity decay rate 
about 2/3 more than the nozzle-wing configurations 
without an external deflector. 

Although the data are more limited for the 60° 
flap angle, the data yield generally similar trends 
(fig. 15(b)). 

A comparison of the Jet velocity decay charac- 
teristics for nozzle/wing configurations with that 
for the 40/40 nozzle only is shown in figure 16. 

(In the abscissa, the L-term for the nozzle-only 
case is the axial distance, X.) It is apparent that 
the peak Jet velocity decays less when the Jet flow 
is attached to a surface than when the jet is free 
as for the nozzle only. The least Jet velocity 
decay is noted for the 20° flap configuration. 
Similar trends were obtained with the other nozzle- 
wing configurations tested. 

The data for the 40° full-lip external-deflector 
nozzle configuration with a 20° flap angle falls on 
or below the nozzle-only data in figure 16. With a 
60° flap angle, the data with an external deflector 
fell somewhat below that for the 20° flap data for 
the external deflector. 

The shape of the curves for the nozzle-wing 
configurations, tend to approach those for a circu- 
lar nozzle with Increasing surface length rather 
than those for a slot nozzle. This appears to be 
related to the more circular contour maps associated 
with the Jet flow at the trailing edge for the large 
wings compared to those for the smaller wings. 

CONCLUDING REMARKS 

From the data presented, it is apparent that 
nozzle geometries that provide good Jet flow attach- 
ment to the wing/flap surface do not necessarily 
provide good aerodynamic turning efficiencies with- 
out adjustments to the nozzle exhaust flow vena 
contracta. These adjustments can be accomplished 
by Increasing the nozzle size; l.e. exhaust flow 
area. Such a procedure, however, Increases the 
wetted nozzle surface area resulting in increased 
nacelle drag for cruise. The least flow problems 
were encountered with nozzles equipped with external 
deflectors. In the present study thle type nozzle 
was not optimized. Consequently, the lif t-to-thrust 
values were generally not as beneficial as those 
for the nozzles without external deflectors. 

Considering the acoustic characteristics of the 
various configurations tested the nozzles with 
large nozzle roof and sidewall cutback angles had 
lower noise levels than those with small nozzle 
roof ana sidewall cutback angles. Use of nozzles 
with large roof angles, however, would imply pro- 
hibitively large values of bosttall drag for cruise. 

The preceding considerations suggest that an 
optimum OTW nozzle configuration, from all points 
of view, should consist of a variable nozzle geom- 


performance for cruise while at the same time pro- 
viding the necessary low speed aerodynamics and 
acoustics. 

APPENDIX A. - DATA NORMALIZATION 

The present study showed that the weight flows 
of the nozzles-only and nozzle/wing configurations 
were affected by the individual configuration geom- 
etry. In order to provide meaningful comparisons of 
the aerodyi.amic data, all configurations are com- 
pared on the basis of a common weight flow. In the 
present study, this was accomplished in the analysis 
by scaling up the nozzle area of the configurations 
until the weight flow was equal to that for ideal 
flow. The following section discusses the validity 
of this procedure. 

The validation of using weight-flow corrected 
parameters was examined with the 40/40 nozzle and 
the 3/2-baseline wing. The weight-flow reduction 
for this nozzle/wing configuration was one of the 
most severe of all the configurations (fig. 7). 

Two 40/40 nozzles were constructed similar to that 
used in the main part of the program (fig. 5(e)). 
They had exhaust areas 0.16 and 0.30 greater than 
that of the original nozzle. The nozzle/wing con- 
figurations were tested at a nominal Mj of 0.8. 

The weight flow for each configuration should scale 
substantially with the nozzle exhaust area. The 
following relative W/A values were measured with 
the nozzles at 0.21 chord: original nozzle/wing, 

1.267; 16X larger nozzle/wing, 1.252; and 30X 
larger nozzle/wing, 1.288. From the^e measurements 
it is obvious that the weight flow increased at sub- 
stantially the same rate as the Increase in nozzle 
exhaust area. The lift and thrust values components 
were measured for these nozzle/wing configurations. 
The following are the measured L T /W and T/W 
values corresponding to the three nozzle/wing con- 
figurations used. 


Nozzle/Wing Configuration 

L T /W 

T/W 

1.0 area nozzle 

12.7 

17.4 

1.16 area nozzle 

11.3 

17.2 

1.3 area nozzle 

11.1 

17.4 


The essentially constant values of Ly/W and 
T/U indicate that the lift and thrust can be scaled 
on the basis of weight flow. 

APPENDIX B. - TRAILING- EDGE VELOCITY CONTOURS 

In reference 1, velocity contour maps at the 
flap trailing edge are given for many of the nozzle- 
wing configurations Included herein. In the follow- 
ing section, a brief review of the major aerodynamic 
trends evident from these contours will be summa- 
rized in order to help complete the documentation 
of the aerodynamic characteristics of the various 
nozzle-wing configurations tested. Also Included 
is a brief description of the flow patterns over 
the wing surfaces. 

Velocity contours . - Representative velocity 
contour maps illustrating the flow field changes at 
the wing tralllng-edge location caused by altera- 
tions in geometry are shown in figures 17 to 21. 

The velocity dats, taken from reference 1, are 
shown in terms of constant local Mach number lines 
in a spanwlse plane normal to the wing surface at 
the vlng trailing edge. Velocity profiles (in terms 
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of local Mach number) in this plane were determined 
5 


at the nozzle centerline in a direction perpendicu- 
lar to the wing surface. The data trends are sum- 
marized as follows: 

(1) The effect of Increasing the nozzle roof 
angle was to decrease the thickness of the Jet 
shear layer at the nozzle roof angle was to de- 
crease the thickness of the Jit shear layer at the 
wing trailing edge and, at the same time, decrease 
the peak local Mach number (fig. 17). These 
changes were accompanied by greater spanwlse spread- 
ing of the jet flow for constant local Mach number 
contour lines. 

(2) For constant nozzle roof angles, an in- 
crease In nozzle sidewall cutback reduced the thick- 
ness of the jet shear layer and decrease the peak 
local Mach number (fig. 18). At the same time, cut- 
back of the nozzle sidewalls also somewhat increased 
the spanwlse spreading of the Jet flow at the flap 
trailing edge. 

(3) The effect of wing size on the aerodynamic 
characteristics Is shown in figures 19 and 20. 

With Increasing wing size, the spanwlse spread of 
the jet flow is decreased while the Jet shear layer 
thickness is Increased. At the same time, the peak 
local Mach number at the wing trailing edge de- 
creases with increasing wing size. The effect of 
locating the nozzles closer to the trailing edges 
of the wings (0.46 chord, not show:./ was to de- 
crease the thickness of the Jet shear layer and in- 
crease the peak local Mach number in the same manner 
as decreasing the overall wing size with the nozzles 
fixed at 0.21 chord. The flow contours at the 0.46 
chord location for nozzles with roof angles of 10° 
and 20° indicated some tendency for the flow to 
separate off the wing surface at the trailing 
edge(l). 

(4) A comparison of the flow fields obtained 
at the wing trailing edge with the 40/40 nozzle and 
those obtained with the simple 5:1 slot nozzle 
using the 40° full-lip deflector is shown in fig- 
ure 21. It 16 apparent that the flow fields with 
the external deflector configuration have a much 
thinner Jet shear layer and lower peak local Mach 
numbers than those with the cutback nozzle. The 
6panwise spread of the Jet flow is exceedingly 
large with the external deflectors compared with 
that using non-external deflector nozzles. 

A reduction in the deflector lip 6ize (full- 
lip to 1/2-lip) or a reduction in the deflector 
angle caused both the jet shear layer thickness and 
peak local Mach number to increase. 

Flow visualization . - Limited flow visualiza- 
tion studies were made in order to evaluate in a 
qualitative manner the degree of flow attachment 
for some of the nozzle/wlng configurations. The 
method used was to inject a small stream of water 
(0.16 cm diameter tube) into the Jet flow at the 
nozzle exhaust plane. The point of injection was 
made at various locations along the perimeter of the 
nozzle. In figure 22 representative overall flow 
patterns, obtained by visually observing the water 
streamers on the wlng/flap surface with an Mj of 

0.9, are sketched to indicate the primary patterns 
observed. With a 20° flap deflection, most nozzle 
configurations provided a wide-spread, well- 
attached flow pattern as indicated by the dash lines 
in the figure. With a 60° flap detection, the 


aurface flow pattern Just downstream of the nozzle 
exhaust plane tended to spread out more than with 
the 20° flap deflection, as shown by the solid 
curves in figure 22. With nozzle configurations 
for which the Jet flow appeared to be partially 
detached from the surface the flow pattern curved 
Inward toward the centerline very rapidly, as shown 
by the dash-dot lines in figure 22, and left the 
flap trailing edge concentrated in a narrow region. 
The latter pattern is that associated with the type 
of velocity contour shown in figure 21(d). 

NOMENCLATURE 

equivalent nozzle diameter 
h nozzle height 

h* normalized nozzle height (defined in text) 

L wlng/flap surface length 

l wing chord length upstream of nozzle exhaust 
plane 

L g projected surface shielding In length 

L t lift 

M local Mach number 

Mj Jet exhaust Mach number 

Mp peak Mach number at flap trailing edge 

T thrust 

U m peek flow velocity at flap trailing edge 
Uj Jet exhaust velocity 

W weight flow 

6 measured local shear layer height at trailing 
edge 

6 e measured shear layer height at 0.5 l' m at 
trailing edge 

6* normalized shear height at flap trailing edge 

X axial distance downstream of nozzle exhaust 
plane 

Y,y wing coordinate system dimensions, see fig. 4 

Z geometry correlation parameters (defined in 

text) 

a flap deflection angle 

6 nozzle roof angle 

Y nozzle sidewall cutback angle 

6 deflector lip angle 

Subscripts 

1 ideal 

V vectored 
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(a) NOZZLE ON-THE-WING; (D) NOZZLE ABOVE- THE-WING 

INTERNAL FLOW DEFLECTOR. EXTERNAL FLOW DEFLECTOR. 

Figure 1. - Schematic sketches of representative OTW nozzle/wing 
configurations. 



Figure 2. - D-shaped nozzle over the wing without deflector 
in the lift-thrust facility. 10°-20° flap setting. 
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Figure 4 - Wing dimensions and coordinates. Dimensions in centimeters. 












Figure 5. * Sketches of test nozzles and external deflectors. 
All nozzles were 10 . 2 cm wide. Dimensions in centimeters. 
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Figure 8. - Comparison of weight flow 
ratio for nozzle/wing configuration 
with external deflector and that cal- 
culated for nozzle-wing configura- 
tion without sidewall cutback. Full- 
size lip deflector; Mj. 0.8. 
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Figure 9. - Static turning effectiveness for various 
nozzle-wing configurations; jet exhaust velocity, 
266 m /sec; M. - 0.805. 
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Figure 9. - Concluded. 
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(a) 20° FLAP ANGLE; L, 35.4 CM. 
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lb) o0° FLAP ANGLE; L. 38.7 CM. 


Figure 11. - Normalized trailing edge velocity profiles at nozzle 
centerline; Mj, 0.8; representative data. 
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Figure 11. * Continued. 
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Figure 14. - Representative peak-axial jet velocity decay for 
several nozzle-only configurations. Nominal jet Mach 
number, Mj. 0.8. 
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Figure 15. - Peak jet velocity decay at flap trailing edge for 
representative nozzle /wing configuration*. Nominal jet 
Mach number. Mj. 0.8. 
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Figure 16. - Comparison of velocity decay for representative 
nozzle/wing configuration with that for nozzle only, 40/40 
nozzle; Mj, 0.8. 
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Figure 17. - Flow contour maps at trailing edge for baseline wing 
with cutback nozzles. 20° flap deflection; Us. 266 m/sec; noz- 
zles at 0.21 chord. 1 
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(c) 20/0 NOZZLE. (d) 20/20 NOZZLE. 


Figure 18. - Comparison of flow contours for baseline wing and 
nozzles with and without sidewall cutback. 20 P flap deflection; 
U:. 266 m/sec; nozzles at 0.21 chord. 
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(a) 2/3-BASELINE WING. (b) 3/2-BASELINE WING. 

Figure 19. - Comparison of flow contours for two wing sizes 
using 20/20 nozzle. 20 P flap deflection; U:, 266 m/sec; 
nozzle at 0.21 chord. 



(a) 2/3-BASELINE WING. (b) 3/2-BASELINE WING. 


Figure 20. - Comparison of flow contours for two wing sizes 
using 40/40 nozzle. 20P flap dfc.lection; Uj, 266 m/sec; 
nozzle at 0.21 chord. 1 
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